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Abstract
Background: The purpose of this study was to evaluate the effects of eight single nucleotide
polymorphisms (SNP), previously associated with meat and milk quality traits in cattle, in a
population of 443 commercial Aberdeen Angus-cross beef cattle. The eight SNP, which were
located within five genes: μ-calpain (CAPN1), calpastatin (CAST), leptin (LEP), growth hormone
receptor (GHR) and acylCoA:diacylglycerol acyltransferase 1 (DGAT1), are included in various
commercial tests for tenderness, fatness, carcass composition and milk yield/quality.
Methods: A total of 27 traits were examined, 19 relating to carcass quality, such as carcass weight
and fatness, one mechanical measure of tenderness, and the remaining seven were sensory traits,
such as flavour and tenderness, assessed by a taste panel.
Results:  An SNP in the CAPN1 gene,  CAPN316, was significantly associated with tenderness
measured by both the tenderometer and the taste panel as well as the weight of the hindquarter,
where animals inheriting the CC genotype had more tender meat and heavier hindquarters. An
SNP in the leptin gene, UASMS2, significantly affected overall liking, where animals with the TT
genotype were assigned higher scores by the panellists. The SNP in the GHR gene was significantly
associated with odour, where animals inheriting the AA genotype produced steaks with an intense
odour when compared with the other genotypes. Finally, the SNP in the DGAT1  gene was
associated with sirloin weight after maturation and fat depth surrounding the sirloin, with animals
inheriting the AA genotype having heavier sirloins and more fat.
Conclusion:  The results of this study confirm some previously documented associations.
Furthermore, novel associations have been identified which, following validation in other
populations, could be incorporated into breeding programmes to improve meat quality.
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Background
Meat quality is of great importance to the beef industry
where the consumer is willing to pay more for superior
products [1]. Traditional trait improvement has centred
on quantitative genetics, using statistical analysis of phe-
notypic data to determine animals with the highest
genetic merit [2]. This selection approach is most effec-
tively implemented for highly heritable traits that are eas-
ily recorded before reproductive age. However, meat
quality traits can usually only be measured post-slaughter
and often have low heritabilities [3], therefore making
progress using direct measurement is difficult for these
traits. Marker-assisted selection has the potential to signif-
icantly increase the rate of genetic improvement in such
traits [4], using markers linked to economically relevant
traits, which can be used to predict the genetic merit of an
animal. Several such markers have been identified in the
last decade. These include markers based on polymor-
phisms in the leptin (LEP) gene, involved in the control of
appetite and energy metabolism, which have been shown
to be associated with carcass fat [5-8], body weight [6],
and growth rate [9]; polymorphisms in the μ-calpain
(CAPN1) and calpastatin (CAST) genes, which are known
to play a key role in post mortem tenderisation of meat
and have been associated with meat tenderness [10-13];
and polymorphisms in the bovine growth hormone
receptor (GHR) gene, which have been associated with
drip loss [14], body weight [15,16] and marbling score
[17]. Before such marker information can be used in
breeding programmes, it is important that unbiased and
independent validation studies in different breeds are car-
ried out to establish whether observable effects are found
in the breed/population under selection.
The aim of this study was to test such associations
between eight single nucleotide polymorphisms (SNP)
from five different genes and meat quality traits in a sam-
ple of Aberdeen Angus-cross animals collected in Scot-
land. All the tested SNP have been previously reported to
be associated with various carcass and meat quality traits
in cattle or pigs and have been incorporated into commer-
cially available tests for meat or milk quality.
Methods
Sample collection
Commercial crossbred beef cattle (n = 443 animals) with
purebred Aberdeen Angus sires were sourced through the
Scotbeef abattoir (Bridge of Allan, Scotland). Cattle origi-
nated from 14 breeder finisher farms (i.e. farms where ani-
mals are bred and finished on the same farm) and were
selected to be representative of British commercial cattle
slaughtered for beef production, being a mix of heifers
and steers ranging between 408 and 912 days old at kill,
with the age differences depending largely on the farm.
The 443 animals used in the experiment included 135
females and 308 males. The sires for all animals were
pure-bred Aberdeen Angus whilst the dams were a mix-
ture of purebreds of various breeds and crossbreeds
including Aberdeen Angus, Aberdeen Angus-cross, Sim-
mental-cross and Limousin-cross.
Cattle were stunned by captive bolt before being slaugh-
tered by exsanguination and dressed using standard com-
mercial specifications. During exsanguination, 100 mL
blood was collected and frozen for DNA extraction.
Carcass trait measurement
At slaughter, hot carcass weight was recorded and car-
casses were graded by a Meat Hygiene Service assessor for
muscle composition and carcass fatness according to the
standard European Union beef carcass classification scale
(EUROP) [18]. Conformation and fat class scores were
transformed into a 7-point numerical scale [19]. Twenty-
four hours after slaughter, pH and temperature were
recorded in the sirloin muscle with the TESTO 205 pH
meter (TESTO, Hampshire, UK) and ETI FPT thermometer
(ETI Ltd. Worthing, UK), respectively.
At deboning, weight of the hindquarter and sirloins were
recorded. Sirloins were vacuum-packed and stored below
4°C for 21–30 d to mature, then removed from the vac-
uum pack, patted dry to remove excess moisture and
weighed. Three steaks were cut from the centre of the sir-
loin as follows: for tenderometer testing 3–4 cm thick, for
sirloin measurements 1–2 cm thick and for sensory testing
2 cm thick.
For tenderometer testing, steaks were trimmed to 200–
220 g of eye muscle and placed in a water bath at 100°C
until the centre of the sample reached 82°C. Samples were
left to cool to 7°C then tested using a MIRINZ Tenderom-
eter machine (AgResearch, Hamilton, New Zealand).
A full list of analysed carcass quality traits can be found in
Table 1.
Taste panel selection and assessments
Taste panel members were chosen among workers at the
Scotbeef meat processing plant in East Kilbride, Scotland.
Members of staff (n = 38) were tested using the Triangle
and Matching tests [20] with 10 being discarded due to
poor scores. Taste panels included six members and an
average of nine samples were tested in one sitting with the
addition of one blind repeat steak per panel. Participants
were instructed to rinse their mouths with water before
tasting began as well as between samples. They were also
instructed not to eat or drink for one hour prior to the test.
Prior to assessment sirloin steaks were cooked using a Lin-
cat Lynx 400 electric griddle (Lincat Ltd, Lincoln, UK)Genetics Selection Evolution 2009, 41:36 http://www.gsejournal.org/content/41/1/36
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until a thermometer placed in the centre of the steak
reached 74°C. The six panellists then scored the steaks on
a 1–8 scale for seven sensory traits, a full list of which can
be seen in Table 2 along with an explanation of the scor-
ing scheme used. In total there were 49 taste panel sittings.
Taste panel members participated in one to 37 panels
with an average of eight sittings per panellist.
Paternity determination
Due to the possibility of multiple sire mating and discrep-
ancies between the recorded and the true sire, paternity
was determined using genetic markers. Details are
described in full in: Gill, Matika, Williams, Worton,
Wiener, and Bishop: Consistency statistics and genetic
parameters for taste panel assessed meat quality traits in a
commercial population of Angus-sired beef cattle (sub-
mitted).
Briefly, genotypes were obtained for each sample for a
panel of 15 unlinked microsatellite markers. Genotypes
for each offspring and all possible sires were analyzed
with the program Cervus [21], which assigns paternity
using a likelihood method. There were 69 offspring whose
sires could not be determined, therefore the sire was set to
"unknown" in the pedigree, however, the phenotypes of
these samples were retained in the analyses.
SNP genotyping
Samples were genotyped at eight SNP from five different
genes by Orchid Cellmark Ltd (Oxfordshire, UK).
Table 1: Carcass trait means, coefficients of variation and heritability estimates (adapted from: Gill, Matika, Williams, Worton, 
Wiener, and Bishop: Consistency statistics and genetic parameters for taste panel assessed meat quality traits in a commercial 
population of Angus-sired beef cattle (submitted))
Trait Mean CV h2 (se)2
Tenderometer score, kPa1 24.69 20.33 0.30 (0.22)
Hot carcass weight, kg 319.7 12.0 0.70 (0.28)
Sirloin weight after maturation, kg 7.10 14.0 0.24 (0.18)
Conformation class, transformed numerical scale 7.11 21.43 0.32 (0.20)
Eye muscle length as a % of sirloin length 77.45 10.73 0.09 (0.15)
Eye muscle area, mm2 10870 15.0 -
Eye muscle depth, mm 69.51 12.01 -
Eye muscle length, mm 156.3 8.38 0.03 (0.12)
Fat class, transformed numerical scale 8.61 11.74 0.11 (0.14)
Sirloin fat depth, mm 6.41 51.54 0.30 (0.20)
Gristle encroachment, mm 20.73 41.08 0.14 (0.18)
Gristle distance from eye muscle base, mm 53.55 20.01 0.21 (0.21)
Gristle distance from fat band, mm 14.23 43.87 0.13 (0.18)
Gristle length, mm 69.23 20.75 -
Sirloin weight as % of hindquarter weight 9.71 10.18 0.45 (0.23)
Sirloin steak tail length, mm 46.95 42.71 0.13 (0.17)
Temperature at 24 h, °C 4.06 14.25 -
Hindquarter weight, kg 73.44 11.04 0.23 (0.20)
Sirloin weight before maturation, kg 7.14 14.21 0.24 (0.18)
pH at 24 h 5.56 2.40 0.02 (0.14)
1 Units for tenderometer score are kilopascals
2 Where heritability values are absent the variance converged at a boundary
Table 2: Means, coefficients of variation and heritability estimates for taste panel assessed sensory traits (adapted from: Gill, Matika, 
Williams, Worton, Wiener, and Bishop: Consistency statistics and genetic parameters for taste panel assessed meat quality traits in a 
commercial population of Angus-sired beef cattle (submitted))
Trait 1 8 Mean CV h2 (se)1
Abnormal flavour Extremely strong Extremely weak 6.24 12.34 -
Abnormal odour Extremely strong Extremely weak 6.36 11.32 -
Flavour Extremely weak Extremely strong 5.54 9.67 -
Odour Extremely weak Extremely strong 5.26 10.25 -
Juiciness Extremely dry Extremely juicy 5.52 12.33 0.15 (0.11)
Tenderness Extremely tough Extremely tender 5.72 11.37 0.06 (0.13)
Overall liking Disliked extremely Liked extremely 5.62 10.97 0.16 (0.16)
1 Where heritability values are absent the variance converged at a boundaryGenetics Selection Evolution 2009, 41:36 http://www.gsejournal.org/content/41/1/36
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The SNP locations in each gene, Genbank accession
number and the positions (intron/exon etc) are listed in
Table 3. In brief the genes were CAPN1 (2 SNP), CAST (1
SNP), leptin (3 SNP), GHR (1 SNP), and acylCoA:diacylg-
lycerol acyltransferase 1 (DGAT1) (1 dinucleotide substi-
tution). All animals with phenotypes were genotyped, as
were all available sires.
Multiplex PCR of loci for SNP genotyping
A single PCR was used to generate 12 amplicons. Each 10
μL reaction volume contained 5 μL DNA, 100 μM of each
dNTP, 1 × QIAGEN PCR buffer which contained 1.5 mM
MgCl2, 1× primer mix, 1 U Hot Start Taq (QIAGEN, UK)
and 0.1 μg/μL BSA. PCR conditions consisted of 15 min at
95°C followed by 32 cycles of 30 s as 94°C, 1 min at 67°C
and 1 min at 72°C. Following amplification, 4 μL of a
solution containing 4 U Exonuclease I (NEB, UK), 1.4 μL
of 10× Antarctic Phosphatase buffer (NEB, UK) and 2 U
Antarctic Phosphatase (NEB, UK) was added to the PCR
product. Samples were then incubated for 60 min at 37°C
followed by 15 min at 72°C.
Single base extension
SNaPshot® (Applied Biosystems, UK) reactions included 5
μL of Antarctic Phosphatase/Exonuclease I treated PCR
product, 2 μL of SNaPshot Multiplex Ready Reaction Mix
(Applied Biosystems, UK), 2 μL H2O and 1 μL probe mix.
Thermocycling conditions consisted of 30 s at 94°C and
20 s at 67°C. Following single base extension, 4 μL of CIP
solution containing 0.4 μL of 10× NEBuffer 3 (NEB, UK),
and 2 U CIP (NEB, UK) was added to each sample. The
samples were then incubated at 37°C for 60 min followed
by 85°C for 20 min.
Electrophoresis and scoring
Five μL of the SNaPshot/CIP product was added to 10 μL
of Hi-Di™ formamide (Applied Biosystems, UK) and the
samples were electrophoresed on a 3100 Genetic Analyzer
(Applied Biosystems, UK). Genemapper® v4.0 was used to
interpret the genetic profiles.
Data analysis
SNP frequencies and linkage disequilibrium
Genotype frequencies of each polymorphism were tested
for deviations from Hardy-Weinberg equilibrium by χ2
tests [22] (significance based on P < 0.05). Pairwise geno-
type combinations of the SNP were also tested for linkage
disequilibrium (LD), the degree of non-random associa-
tion of alleles at two or more loci, using the Haploview
program, version 4 [23]. The Haploview program uses a
two-marker EM to estimate the maximum-likelihood val-
ues of the four gamete frequencies as well as D' and r 2 val-
ues and LOD scores.
Mixed model association analysis
The relationship between the different genotypes of each
SNP and the various traits recorded was evaluated using a
single-marker mixed-model association analysis. Data
were analyzed by fitting a linear mixed model using the
restricted maximum likelihood method (REML) provided
in Genstat, release 10 [24]. The statistical model included
fixed effects of farm, genotype, sex and the genotype-sex
interaction, and random effects of sire, slaughter date
(panel date for the taste panel traits), interaction of sire
and slaughter date (panel date for the taste panel traits)
and interactions of sire and slaughter date (panel date for
the taste panel traits) with the genotype/sex groups. These
latter interactions took into account the possibility of gen-
otype/sex effects varying with sire or slaughter date (panel
date for the taste panel traits) or both. An additional term
Table 3: SNP name and location
Gene BTA SNP name Location GenBank Accession number and base position SNP
CAPN11 29 CAPN316 Exon 9 AF252504-5709 G/C
CAPN 4751 Intron 17 between exon 17 and 18 AF248054-6545 C/T
CAST2 7 UoGCAST Intron 5 between exon 5 and 6 AY008267-282 G/C
LEP3 4 UASMS1 Leptin promoter region AB070368-207 C/T
UASMS2 Leptin promoter region AB070368-528 C/T
Exon2FB Exon 2 AY138588-305 C/T
GHR4 20 F279Y Exon 8 AY748827-914 A/T




1 Calpain was mapped by Smith et al., (2000) [32], CAPN316 SNP reported by Page et al., (2002) [35] and CAPN4751 SNP reported by White et al., 
(2005) [13]
2 Calpastatin was mapped by Bishop et al., (1993) [36] and the SNP was reported by Schenkel et al., (2006) [11]
3 Leptin was mapped by Stone et al., (1996) [37], UASMS1 and UASMS2 SNP reported by Nkrumah et al., (2005) [9], Exon2FB SNP reported by 
Buchanan et al., (2002) [5]
4 Growth hormone receptor was mapped by Moody et al., (1995) [43], SNP reported by Blott et al., (2003) [42]
5 acylCoA:diacylglycerol acyltransferase 1 was mapped by Cases et al., (1998) [39], dinucleotide substitution reported by Grisart et al., (2002) [40]Genetics Selection Evolution 2009, 41:36 http://www.gsejournal.org/content/41/1/36
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including animal ID and steak ID (A or B) was added for
analysis of taste panel traits to allow a distinction to be
made between the A and B steaks of those animals that
had repeat steaks tested.
The general model used for carcass traits was as follows:
where:
Yijklmn is the trait measured on the individual i
μ is the overall mean for the trait
Fj is the fixed effect of farm j (14 levels)
Gk is the fixed effect of SNP genotype k (3 levels)
Sl is the fixed effect of sex l (2 levels)
(G × S)kl is the interaction between the k-th SNP genotype
and the l-th sex
Km is the random effect of kill-date m
Mjn is the random effect of the n-th sire on the j-th farm
ejklmno is the residual term associated with the observation
Additional interaction terms between sire, kill-date, geno-
type and sex groupings were fitted as random effects. Var-
iance components were constrained to be non-negative,
i.e. where effects were estimated to be negative they were
set to zero.
For the taste panel traits the general model was as follows:
where additional terms are:
Pm is the random effect of taste panel date m
Tio is the random effect of the o-th steak (A or B) for the i-
th animal
eijklmnop is the residual error associated with the observa-
tion.
Again, additional interaction terms between sire, taste
panel date, genotype and sex groupings were fitted as ran-
dom effects, and variance components were constrained
to be non-negative.
The effects of several covariates (percentage Aberdeen
Angus, hot carcass weight and age at kill) were also exam-
ined in separate analyses. The percentage Aberdeen Angus
(% AA) was based on dam breed so that each animal was
assigned a value of 100% (if the dam was AA), 75% (if the
dam was AA-cross) or 50% (if the dam was neither). Sta-
tistical significance for the fixed effects was determined
using approximate F-statistics with denominator degrees
of freedom [25] estimated in the Genstat REML proce-
dure.
Additive effects and dominance deviation were also calcu-
lated using a re-parameterized model. The additive effect
was estimated as the difference between the mean of the
two homozygotes divided by two, and dominance was
estimated as the deviation of the heterozygote from the
mean of the two homozygotes [22].
Correction for multiple testing
To allow correction for the fact that a large number of
traits were analysed with a large number of SNP, and
hence a high probability of false positive results, a Bonfer-
roni correction was applied. The three leptin SNP and the
two μ-calpain SNP were found to be in partial or strong
LD so that the effective number of SNP tested was esti-
mated as five. The correction for multiple SNP testing
resulted in an adjusted P value of 0.01 for the 5% signifi-
cance level.
Haplotype reconstruction and analysis
Haplotypes were reconstructed for the genes that con-
tained more than one SNP using software that determines
the gametic haplotypes for each animal where phase is
known with certainty [26] based on sire and sibling geno-
type information. Haplotype pairs were unambiguously
reconstructed for 258 individuals for SNP in the leptin
gene and 291 individuals for SNP in the CAPN1 gene out
of the 443 genotyped animals. In order to determine
whether the haplotype information accounted for addi-
tional variation beyond the SNP genotype analysis, we
nested the haplotype group (a combination of the two
haplotypes) within a SNP model i.e. the model was the
same as the genotype model but with additional fixed
terms accounting for the variation between the haplotype
groups within the SNP groups in the fixed model. This
analysis was carried out for each of the traits found to be
significantly affected by either the μ-calpain or leptin SNP,
i.e. tenderometer, weight of hindquarter and tenderness
for the μ-calpain markers and overall liking for the leptin
markers. Statistical significance of the extra variation
accounted for by the presence of the haplotype groups in
the model was determined using approximate F-statistics
derived from Wald statistics with denominator degrees of
freedom estimated in the Genstat REML procedure [25].
YF G S G S K M e ijklmno j k l kl m jn ijklmno =++ ++ × + + + μ ()
YF G S G S P M T + e ijklmnop j k l kl m jn io ijklmnop =++ ++ × + + + μ ()Genetics Selection Evolution 2009, 41:36 http://www.gsejournal.org/content/41/1/36
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Results
Genotype and allele frequencies
A total of 443 animals were genotyped at all eight SNP,
however, successful genotype assignment was not possi-
ble for all animals, in particular for the leptin SNP
UASMS1  where 17 animals were missing genotypes
(Table 4). The frequencies of genotypes at all eight SNP
were in agreement with Hardy-Weinberg equilibrium
[22]. The two SNP in the CAPN1 gene and the three SNP
in the leptin gene were found to be in LD with D' above
0.62 for each SNP pair combination. R2 values between
each pair of leptin SNP were above 0.18 whilst the value
between the two CAPN1 SNP was 0.07.
Phenotypic trait data
An analysis of the phenotypic trait data is presented in full
in: Gill, Matika, Williams, Worton, Wiener, and Bishop:
Consistency statistics and genetic parameters for taste
panel assessed meat quality traits in a commercial popu-
lation of Angus-sired beef cattle (submitted), including
consideration of the reliability of taste panel measure-
ments and genetic parameters for traits of interest. In brief,
a total of 27 traits were measured, seven of which are taste
panel assessed sensory traits, one a mechanical measure of
tenderness with the remaining 19 being carcass and sir-
loin measurements. Trait means, coefficients of variation
and heritability estimates are given in Tables 1 and 2.
Genotype effects
Genotypes for four of the eight SNP tested did not signif-
icantly influence any of the 27 traits measured and 20 of
the traits were not affected by the genotypes of any of the
SNP tested. Tenderometer score, sirloin weight after mat-
uration, sirloin fat depth, hindquarter weight, odour,
overall liking and tenderness showed significant additive
effects of at least one of the remaining four SNP.
At the CAPN1 gene SNP, CAPN316, the C allele was asso-
ciated with reduced tenderometer values, increased hind-
quarter weight and an increase in taste panel assessed
tenderness compared to the G allele (Table 5). The esti-
mated differences between the homozygous genotypes
CC and GG were 2.93 kPa, 3.83 kg and 0.37 taste panel
units for shear force, hindquarter weight and taste panel
tenderness respectively. There were no significant domi-
nance effects seen for CAPN316.
The T allele of the leptin SNP, UASMS2, was significantly
associated with an increase in overall liking, with the esti-
mated difference between the homozygous genotypes TT
and CC equal to 0.21 taste panel units (Table 5). There
was a significant dominance effect (P = 0.01) such that the
C allele was dominant to the T allele.
For DGAT1, the A allele was associated with an increase in
sirloin weight after maturation and an increase in sirloin
fat depth when compared to the G allele (Table 5). The
Table 4: Genotypic and allelic frequencies for SNP
SNP Genotype Genotype frequency Allele Allele frequency
CAPN4751 CC (n = 182) 0.41 C 0.65
CT (n = 209) 0.48 T 0.35
TT (n = 48) 0.11 - -
CAPN316 CC (n = 20) 0.05 C 0.22
CG (n = 152) 0.35 G 0.78
GG (n = 268) 0.61 - -
Exon2FB CC (n = 130) 0.29 C 0.55
CT (n = 222) 0.50 T 0.45
TT (n = 90) 0.20 - -
UASMS2 CC (n = 166) 0.38 C 0.63
CT (n = 219) 0.50 T 0.37
TT (n = 54) 0.12 - -
UASMS1 CC (n = 77) 0.18 C 0.42
CT (n = 205) 0.48 T 0.58
TT (n = 144) 0.34 - -
DGAT1 AA (n = 22) 0.05 A 0.25
AG (n = 176) 0.40 G 0.75
GG (n = 243) 0.55 - -
GHR AA (n = 12) 0.03 A 0.13
AT (n = 93) 0.21 T 0.87
TT (n = 333) 0.76 - -
UoGCAST1 CC (n = 181) 0.41 C 0.64
CG (n = 207) 0.47 G 0.36
GG (n = 54) 0.12 - -Genetics Selection Evolution 2009, 41:36 http://www.gsejournal.org/content/41/1/36
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estimated differences between the homozygous genotypes
AA and GG were 1.17 kg and 4.58 mm for sirloin weight
after maturation and sirloin fat depth. There were signifi-
cant dominance effects for both sirloin weight after matu-
ration and sirloin fat depth (P  = 0.02 and 0.01,
respectively). Animals with the heterozygous genotype
had values close to the homozygous GG animals, indicat-
ing a strong degree of dominance of the G allele over the
A allele.
The A allele of the GHR SNP was significantly associated
with an increase in taste panel-assessed odour, with the
estimated difference between the homozygous genotypes
AA and TT equal to 0.48 taste panel units (Table 5). There
was no significant dominance effect.
To further investigate the observed associations, a number
of covariates were added to the fixed model. These
included hot carcass weight, age at kill and percentage
Aberdeen Angus (50, 75 or 100%, depending on dam
breed). Percentage Aberdeen Angus made no difference to
the genotypic effects for all of significant traits. As
expected, when hot carcass weight was fitted as a covari-
ate, the significance of the associations with weight traits
was reduced. Age at kill made no difference to the effects
of genotype on tenderness, hindquarter weight, overall
liking, sirloin fat depth or odour. The only SNP trait asso-
ciation affected by age at kill was the association between
DGAT1 genotype and sirloin weight after maturation. The
p-value increased above 0.05 although animals with the
AA genotype were still found to have heavier sirloins after
maturation than those animals with either AT or TT geno-
types. Most age differences between animals are
accounted for in the model as farm effects, hence the
small impact of this covariate.
Sex × genotype interactions
There were significant genotype-by-sex interactions for six
of the significant trait SNP genotype pairs (Table 6). These
were the CAPN316 association with tenderometer, weight
of hindquarter and taste panel tenderness; the GHR asso-
ciation with odour; and the DGAT1 association with com-
plete sirloin weight and sirloin fat depth. When the
genotype means of each sex were assessed using pair wise
comparisons it became apparent that the majority of sig-
nificant genotype-trait associations mentioned previously
were stronger in the female animals. Females with the CC
genotype at the CAPN316  SNP had significantly lower
tenderometer values, higher hindquarter weights and
higher taste panel tenderness scores than CG or GG ani-
mals. In contrast, the CC males had higher tenderometer
Table 5: Genotype means, standard errors, P values and estimates of additive and dominance effects for SNP with significant trait 
associations
SNP Genotype means ± se1 Overall P-value2 a ± se1,3 d ± se1,4
CAPN316 CC CG GG
Tenderometer score, kPa5 22.25 ± 1.16 24.24 ± 0.7 25.18 ± 0.67 0.016 1.46 ± 0.52** 0.53 ± 0.61
Hindquarter weight, kg 75.67 ± 1.57 72.05 ± 0.84 71.84 ± 0.77 0.04 -1.92 ± 0.76* -1.70 ± 0.92
Tenderness 6.00 ± 0.16 5.79 ± 0.08 5.63 ± 0.07 0.016 -0.19 ± 0.08* -0.03 ± 0.09
UASMS2 CC CT TT
Overall liking 5.59 ± 0.08 5.55 ± 0.08 5.80 ± 0.10 0.02 0.10 ± 0.05* -0.15 ± 0.06*
DGAT1 AA AG GG
Sirloin weight after maturation, kg 8.31 ± 0.46 7.17 ± 0.12 7.14 ± 0.11 0.04 -0.59 ± 0.23* -0.55 ± 0.23*
Sirloin fat depth, mm 11.11 ± 1.65 6.62 ± 0.4 6.53 ± 0.33 0.05 -2.29 ± 0.83* -2.20 ± 0.87 *
GHR AA AT TT
Odour 5.64 ± 0.19 5.24 ± 0.08 5.16 ± 0.06 0.02 -0.24 ± 0.09** -0.16 ± 0.11
1 Mean values were adjusted for farm and averaged over sex. Estimate of the effect is expressed in units of the trait
2 P-value for the overall genotype effect
3 Additive effect is estimated as the difference between the 2 homozygous means divided by 2
4 Dominance effect is estimated as the non-additive genetic effects or the deviation of the heterozygote from the mean of the 2 homozygotes
** P < 0.01 and * P < 0.05
5 Units for tenderometer score are kilopascals
6 Associations remain significant following correction for multiple testing (adjusted P-value was 0.01)Genetics Selection Evolution 2009, 41:36 http://www.gsejournal.org/content/41/1/36
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values than the other genotypes although this difference
was not significant.
Additionally there was a significant difference in odour
score assigned to female animals with the AA, AT and TT
genotypes at the GHR SNP. Here, AA animals had signifi-
cantly higher scores than either AT or TT animals. For the
male animals, those with the TT genotype received the
highest score for odour, although again, the differences
between genotypes were not significant. Finally, female
animals with the AA genotype at the DGAT1 SNP had sig-
nificantly heavier sirloins after maturation and sirloin fat
depths than AG or GG animals. For males the AA animals
also had heavier sirloins although the GG animals had
higher values of fat depth, however, differences between
genotypes were not significant.
Haplotype analysis
Haplotypes with a frequency of ≤ 0.01 were excluded from
the analysis; this left four haplotypes for SNP in the
CAPN1  gene (CC, CG, TC and TG (CAPN4751,
CAPN316)), and four haplotype possibilities for SNP in
the leptin gene (CCT, CTT, TCC and TTT (Exon2FB,
UASMS2, UASMS1)) (Table 7). Results from the nested
haplotype model for each of the significant μ-calpain and
leptin traits are shown in Table 8. In all cases F-statistics
were not significant and, in fact, close to unity, showing
that haplotype information does not account for addi-
tional variation compared to a model with only genotype
information.
Discussion
The primary objective of this study was to test previously
identified associations between SNP from five genes and
economically important meat quality traits. The SNP
tested are located in the CAPN1, CAST, DGAT1, leptin and
GHR  genes and have been incorporated into commer-
cially available genetic tests based on previously reported
associations with meat quality or carcass traits. The two
CAPN1 SNP, (CAPN316 and CAPN4751) and the CAST
SNP make up the Igenity TenderGENE panel [27], with the
two CAPN1 SNP forming the basis of the GeneSTAR ten-
Table 6: Genotype means and standard errors for each genotype by sex group
Genotype means ± se1




Tenderness Odour Sirloin weight after 
maturation, kg




F CC 19.51 ± 1.60a 73.17 ± 2.24a 6.43 ± 0.23a --- --- ---
CG 25.14 ± 0.84b 66.04 ± 1.12b 5.75 ± 0.1b --- --- ---
GG 25.74 ± 0.77b 67.27 ± 1.0b 5.58 ± 0.09b --- --- ---
M CC 24.99 ± 1.38a, b 78.17 ± 1.91a 5.57 ± 0.19a --- --- ---
CG 23.34 ± 0.78a 78.06 ± 0.95a 5.82 ± 0.09a --- --- ---
GG 24.60 ± 0.73b 76.4 ± 0.86a 5.68 ± 0.08a --- --- ---
GHR F AA --- --- --- 6.13 ± 0.34a --- ---
AT --- --- --- 5.34 ± 0.11b --- ---
TT --- --- --- 5.11 ± 0.07b --- ---
M AA --- --- --- 5.15 ± 0.16a --- ---
AT --- --- --- 5.14 ± 0.08a --- ---
TT --- --- --- 5.21 ± 0.07a --- ---
DGAT1 F AA --- --- --- --- 9.02 ± 0.88a 15.7 ± 3.22a
AG --- --- --- --- 6.85 ± 0.16b 6.66 ± 0.53b
GG --- --- --- --- 6.73 ± 0.13b 6.46 ± 0.43b
M AA --- --- --- --- 7.59 ± 0.22a 6.56 ± 0.8a
AG --- --- --- --- 7.5 ± 0.13a 6.58 ± 0.46a
GG --- --- --- --- 7.54 ± 0.13a 6.60 ± 0.42a
1 Mean values were adjusted for farm. Estimate of the effect is expressed in units of the trait
a, b, Within a trait and sex, genotype means without a common superscript letter are statistically significantly different (P < 0.05)
2 Units for tenderometer score are kilopascals










1 Calpain haplotype: CAPN4751, CAPN316
2 Leptin haplotype: Exon2FB, UASMS2, UASMS1Genetics Selection Evolution 2009, 41:36 http://www.gsejournal.org/content/41/1/36
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derness test [28]. Additionally, SNP in the leptin gene are
included in the Igenity OptiGRID test, whilst the SNP in
the DGAT1 and GHR  genes comprise the Igenity Opti-
YIELD test [27].
Allele frequencies
The allele frequencies found for the CAPN316, CAPN4751
and UoGCAST SNP are in agreement with previous studies
[7,29-31]. Allele frequencies were also estimated for the
sire population (purebred Aberdeen Angus). On the
whole, frequencies in the sire population were found to
be similar to those in the progeny, however, at the
CAPN316 SNP, the C allele was found to have a frequency
of only 0.10 in the sires (data not shown), as opposed to
0.22 in the offspring. This is due to the absence of sires
with the CC genotype at this SNP.
Single genotype-trait associations
Using single-marker, mixed-model association analysis
four of the SNP were found to be associated with one or
more of the traits tested in a significantly additive manner.
These include the CAPN316 SNP in the CAPN1 gene, the
UASMS2 SNP in the leptin gene, the DGAT1 SNP and the
GHR SNP.
The  CAPN1  gene, mapped to BTA 29 [32], encodes a
cysteine protease thought to be the primary enzyme in the
post mortem tenderisation of meat [33]. It is therefore a
prime candidate for association studies involving tender-
ness, and, indeed, SNP in the gene have previously been
associated with the trait in several studies
[10,13,31,34,35]. In the present study the effects of two
SNP located in CAPN1 were evaluated; CAPN316, situated
in exon 9 of the gene, results in an amino acid substitution
from alanine to glycine for the C and G alleles respec-
tively; and CAPN4751, situated in the intron between the
17th and 18th exons of the gene. A significant effect of
CAPN316 genotype was found on the hindquarter weight;
animals with the CC genotype at this locus had signifi-
cantly heavier hindquarters (by 3.8 kg) than GG animals
(P  = 0.04). However, some of this effect could be
explained by effects on overall carcass weight. Addition-
ally, animals inheriting two copies of the C allele at the
CAPN316 SNP had meat that was more tender than ani-
mals with one or zero copies, when measured by both the
tenderometer machine and the taste panel. The associa-
tion with mechanical tenderness is consistent with work
done in experimental herds of crossbred cattle [12,35].
Previous work has shown an association between geno-
types at the other CAPN1 SNP, CAPN4751, and WBSF val-
ues in an experimental population and a Bos indicus-
influenced crossbred population [13] where CC animals
had significantly lower WBSF values, and therefore more
tender meat, than TT animals. The current study did not
find a significant effect of genotype at the CAPN4751 SNP
on the tenderness trait (although the difference between
CC and TT means was in the expected direction). Poly-
morphisms in CAST, an inhibitor of the CAPN1 protease
mapped to BTA 7 [36], have previously been shown to be
associated with tenderness [10,11,31]. However, the
present study did not find a significant difference in ten-
derness, measured by the tenderometer machine, between
the genotype groups.
Three SNP in the leptin gene, which has been mapped to
BTA 4 [37] and produces a hormone that plays a key role
in the regulation of appetite and body composition [38],
were tested for associations in the present study. In con-
trast to previous studies [7,9], only one of these, UASMS2,
was found to be significantly associated with any of the
traits tested. Panellists gave animals with the TT genotype
significantly higher overall liking scores than animals
with CC or CT genotypes. A significant, non-additive asso-
ciation was also observed between the UASMS2 SNP and
sirloin fat thickness, such that animals inheriting the CC
genotype had significantly less fat surrounding the sirloin
when compared to either CT or TT animals. This is in line
with previous reports where UASMS2  was significantly
associated with both backfat thickness and marbling
score, with TT animals having higher values for both traits
[9]. It may be that this association also explains the higher
overall liking scores for TT animals as fat composition is
known to affect meat flavour.
The DGAT1 gene, which has been mapped to BTA 14 [39],
plays a key role in triglyceride synthesis [30]. The SNP
studied here is an AA/GC dinucleotide substitution caus-
ing a K (lysine) to A (alanine) amino acid substitution
(K232A) in the protein [40]. This polymorphism was
Table 8: F-statistics and degrees of freedom for SNP-by-haplotype interaction term for a nested model of genotype effects
Gene SNP Trait F-Statistic (d.f.: numerator, denominator)
Calpain CAPN316 Tenderometer score, kPa1 1.16 (8, 79.8)ns
Weight of hindquarter, kg 0.88 (8, 32.4)ns
Tenderness 0.85 (8, 120.4)ns
Leptin UASMS2 Overall Liking 0.95 (11, 197.5)ns
** P < 0.01, * P < 0.05 and ns P > 0.05
1Units for tenderometer score are kilopascalsGenetics Selection Evolution 2009, 41:36 http://www.gsejournal.org/content/41/1/36
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shown to be significantly associated with milk fat yield
and fat percentage where AA animals, with the lysine
amino acid, had increased levels for both traits [40]. The
present study found that the polymorphism was also asso-
ciated with sirloin weight after maturation and sirloin fat
depth. In both cases the A allele was associated with the
higher value indicating that the increase in sirloin weight
is probably due to the increase in the depth of fat sur-
rounding the muscle. This is consistent with work done in
German Holstein cattle where animals with the lysine
allele at DGAT1 were found to have an increase in intra-
muscular fat content [30]. In contrast, work done on Brah-
man cattle found no association between K232A genotype
and carcass fat traits [41].
The GHR polymorphism studied here is an A to T substi-
tution in exon eight of the gene which results in a non-
conservative replacement of phenylalanine with a tyro-
sine residue (F279Y) [42]. Whilst polymorphisms in the
GHR gene (BTA 20 [43]) have previously been found to be
significantly associated with drip loss [14], body weight
[15,16] and USDA marbling score [17], the present study
found no associations between F279Y genotype and any
of the carcass quality traits. The only trait that was signifi-
cantly affected by GHR  genotype was meat odour as
judged by the taste panel. The panellists assigned higher
odour scores for animals with the AA genotype, which
corresponds to the phenylanine amino acid, when com-
pared to either AT or TT animals.
The present study confirmed some well-known associa-
tions and identified novel significant trait-genotype asso-
ciations. However, there were some traits where
associations were expected but not observed. Specifically,
associations between carcass and sirloin related traits and
the SNP in the leptin gene were expected but were not
found. Serum levels of the leptin hormone have previ-
ously been found to be significantly associated traits such
as marbling, backfat depth and kidney, pelvic and heart
fat [44]. Additionally, genotype at the leptin SNP,
UASMS2, has been shown to be associated with serum
leptin concentration as well as with backfat thickness,
marbling score and live weight at slaughter [9], carcass
marbling score, Longissimus muscle (LM) area and hot
carcass weight [45], although these results were not con-
firmed by Schenkel et al., (2005). As discussed above, the
present study observed a significant, non-additive associ-
ation between sirloin fat depth and UASMS2 genotype
but no association was found with carcass or sirloin
weight related traits. Previous reports also indicate associ-
ations between UASMS1 and fat yield and Exon2FB with
fat and lean yield and grade fat [7], however, the current
study found no associations between either UASMS1 or
Exon2FB genotype and any of the traits tested. These con-
trasting results may be due to the different populations
studied and indicate the importance of multiple valida-
tion studies in different breeds and populations.
Sex × genotype interactions
The analyses of the mean trait value for each genotype in
each sex for those trait-SNP pairs where there were signif-
icant sex interactions indicated that, for the majority of
associations, the effect was primarily in the female ani-
mals. Differences between male and female genotype
effects were seen in five traits: taste panel assessed tender-
ness, weight of hindquarter, odour, sirloin weight after
maturation and sirloin fat depth. The reason for the differ-
ence between male and female animals is unknown.
Whilst differences in meat quality between male and
female cattle have been reported [46,47], there are few
that describe differences in genetic effects between sexes
such as those seen in the current study. Differences could
be partly due to the limited number of females (135) in
the analysis when compared to the males (308) although
allele frequencies for both sexes were similar (data not
shown). Alternatively, trait expression could be strongly
correlated with fatness. Means for each sex showed that
females tended to have higher fat class scores than males
(data not shown). Therefore, it is possible the female ani-
mals are more likely to express genetic differences in traits
that are correlated with fatness.
Haplotype analysis
The haplotype analyses tested whether incorporating
information on combinations of SNP (for μ-calpain and
leptin respectively) led to an improvement over models
with only single SNP genotypes. We found that using hap-
lotypes in addition to SNP genotypes in the analysis
accounted for no extra variation for any of the SNP/trait
combinations. This may be explained by the fact that only
one of the SNP from each of the genes (CAPN316 from
the μ-calpain gene, and UASMS2 from the leptin gene)
had a significant effect on any of the traits in the single
SNP analyses. Thus incorporating haplotype information
would not improve the performance of marker-assisted
selection for this population.
Conclusion
The results presented here confirm some of the previously
documented associations, for example, the association
between  CAPN316  genotype and tenderness, the most
important quality trait for consumers. Furthermore, novel
associations have been identified which, following valida-
tion in other populations, could be incorporated into
breeding programmes to improve meat quality. Finally,
whilst some previously noted associations were not repli-
cated in the current study, it is important to note that val-
idation is dependent on the specific nature of the
population screened and that genetic background may
influence the size of the effect of a polymorphism. Valida-Genetics Selection Evolution 2009, 41:36 http://www.gsejournal.org/content/41/1/36
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tion failure may be due to a lack of true associations
between the trait and marker but could also be caused by
differences in SNP frequencies, different marker-causative
mutation linkage phases, genotype-by-environment inter-
actions or epistasis as well as sample size effects and the
way the trait is measured. Nevertheless, for those associa-
tions confirmed here, the additional validation instils
confidence in using these markers in selection pro-
grammes for improved meat quality.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
JLG carried out data analysis and drafted the manuscript.
SCB participated in the design of the study and statistical
analysis and helped draft the manuscript. CMcC partici-
pated in the design of the statistical analysis and helped to
draft the manuscript. JLW conceived of the study, and par-
ticipated in its design and coordination and helped to
draft the manuscript. PW conceived of the study, and par-
ticipated in its design, coordination and statistical analysis
and helped to draft the manuscript. All authors read and
approved the final manuscript.
Acknowledgements
This work was funded by the BBSRC, Scotbeef and Genesis Faraday. The 
authors would like to acknowledge Suzie England (Scotbeef) for her role in 
the project, Merial for genotyping services (through Orchid Cellmark) and 
Oswald Matika (Roslin) for his assistance with haplotype reconstruction.
References
1. Shackelford SD, Wheeler TL, Meade MK, Reagan JO, Byrnes BL,
Koohmaraie M: Consumer impressions of Tender Select beef.
J Anim Sci 2001, 79:2605-2614.
2. Dekkers JCM, Hospital F: The use of molecular genetics in the
improvement of agricultural populations.  Nat Rev Genet 2002,
3:22-32.
3. Marshall DM, Ed: Genetics of Meat Quality.  Oxfordshire: CABI
International; 1999. 
4. MacNeil MD, Grosz MD: Genome-wide scans for QTL affecting
carcass traits in Hereford × composite double backcross
populations.  J Anim Sci 2002, 80:2316-2324.
5. Buchanan FC, Fitzsimmons CJ, Van Kessel AG, Thue TD, Winkelman-
Sim DC, Schmutz SM: Association of a missense mutation in the
bovine leptin gene with carcass fat content and leptin mRNA
levels.  Genet Sel Evol 2002, 34:105-116.
6. Lusk JL: Association of single nucleotide polymorphisms in
the leptin gene with body weight and backfat growth curve
parameters for beef cattle.  J Anim Sci 2007, 85:1865-1872.
7. Schenkel FS, Miller SP, Ye X, Moore SS, Nkrumah JD, Li C, Yu J, Man-
dell IB, Wilton JW, Williams JL: Association of single nucleotide
polymorphisms in the leptin gene with carcass and meat
quality traits of beef cattle.  J Anim Sci 2005, 83:2009-2020.
8. Lagonigro R, Wiener P, Pilla F, Woolliams JA, Williams JL: A new
mutation in the coding region of the bovine leptin gene asso-
ciated with feed intake.  Anim Genet 2003, 34:371-374.
9. Nkrumah JD, Li C, Yu J, Hansen C, Keisler DH, Moore SS: Polymor-
phisms in the bovine leptin promoter associated with serum
leptin concentration, growth, feed intake, feeding behavior,
and measures of carcass merit.  J Anim Sci 2005, 83:20-28.
10. Casas E, White SN, Wheeler TL, Shackelford SD, Koohmaraie M,
Riley DG, Chase CC Jr, Johnson DD, Smith TPL: Effects of calp-
astatin andmicro-calpain markers in beef cattle on tender-
ness traits.  J Anim Sci 2006, 84:520-525.
11. Schenkel FS, Miller SP, Jiang Z, Mandell IB, Ye X, Li H, Wilton JW:
Association of a single nucleotide polymorphism in the calp-
astatin gene with carcass and meat quality traits of beef cat-
tle.  J Anim Sci 2006, 84:291-299.
12. Page BT, Casas E, Quaas RL, Thallman RM, Wheeler TL, Shackelford
SD, Koohmaraie M, White SN, Bennett GL, Keele JW, Dikeman ME,
Smith TPL: Association of markers in the bovine CAPN1 gene
with meat tenderness in large crossbred populations that
sample influential industry sires.  J Anim Sci 2004, 82:3474-3481.
13. White SN, Casas E, Wheeler TL, Shackelford SD, Koohmaraie M,
Riley DG, Chase CC Jr, Johnson DD, Keele JW, Smith TPL: A new
single nucleotide polymorphism in CAPN1 extends the cur-
rent tenderness marker test to include cattle of Bos indicus,
Bos taurus, and crossbred descent.  J Anim Sci 2005,
83:2001-2008.
14. Di Stasio L, Destefanis G, Brugiapaglia A, Albera A, Rolando A: Poly-
morphism of the GHR gene in cattle and relationships with
meat production and quality.  Anim Genet 2005, 36:138-140.
15. Sherman EL, Nkrumah JD, Murdoch BM, Li C, Wang Z, Fu A, Moore
SS: Polymorphisms and haplotypes in the bovine neuropep-
tide Y, growth hormone receptor, ghrelin, insulin-like
growth factor 2, and uncoupling proteins 2 and 3 genes and
their associations with measures of growth, performance,
feed efficiency, and carcass merit in beef cattle.  J Anim Sci
2008, 86:1-16.
16. Curi RA, Oliveira HN, Silveira AC, Lopes CR: Effects of polymor-
phic microsatellites in the regulatory region of IGF1 and
GHR on growth and carcass traits in beef cattle.  Anim Genet
2005, 36:58-62.
17. Hale CS, Herring WO, Shibuya H, Lucy MC, Lubahn DB, Keisler DH,
Johnson GS: Decreased growth in angus steers with a short
TG-microsatellite allele in the P1 promoter of the growth
hormone receptor gene.  J Anim Sci 2000, 78:2099-2104.
18. Hickey JM, Keane MG, Kenny DA, Cromie AR, Veerkamp RF:
Genetic parameters for EUROP carcass traits within differ-
ent groups of cattle in Ireland.  J Anim Sci 2007, 85:314-321.
19. Kempster AJ, Cook GL, Grantley-Smith M: National estimates of
the body composition of British cattle, sheep and pigs with
special reference to trends in fatness. A review.  Meat Sci 1986,
17:107-138.
20. BSI-BS7667: Assessors for sensory analysis.  BSI Standards 1993.
21. Marshall TC, Slate J, Kruuk LEB, Pemberton JM: Statistical confi-
dence for likelihood-based paternity inference in natural
populations.  Mol Ecol 1998, 7:639-655.
22. Falconer DS, Mackay TFC: Introduction to Quantitative Genetics 1997.
23. Barrett JC, Fry B, Maller J, Daly MJ: Haploview: analysis and visu-
alization of LD and haplotype maps.  Bioinformatics 2005,
21:263-265.
24. Payne RW, Harding SA, Murray DA, Soutar DM, Baird DB, Welham
SJ, Kane AF, Gilmour AR, Thompson R, Webster R, Tunnicliffe Wil-
son G: GenStat Release 10 Reference Manual Hemel Hempstead: VSN
International; 2007. 
25. Kenward MG, Roger JH: Small sample inference for fixed
effects from restricted maximum likelihood.  Biometrics 1997,
53:983-997.
26. Pong-Wong R, George AW, Wooliams JA, Haley CS: A simple and
rapid method for calculating identity-by-descent matrices
using multiple markers.  Genet Sel Evol.  2001, 33(5):453-471.
27. Igenity   [http://www.igenity.com/]
28. Pfizer Animal Health (formally Genetic Solutions)   [http://
www.geneticsolutions.com.au]
29. Moore SS, Li C, Basarab J, Snelling WM, Kneeland J, Murdoch B,
Hansen C, Benkel B: Fine mapping of quantitative trait loci and
assessment of positional candidate genes for backfat on
bovine chromosome 14 in a commercial line of Bos taurus.  J
Anim Sci 2003, 81:1919-1925.
30. Thaller G, Kuhn C, Winter A, Ewald G, Bellmann O, Wegner J, Zuh-
lke H, Fries R: DGAT1, a new positional and functional candi-
date gene for intramuscular fat deposition in cattle.  Anim
Genet 2003, 34:354-357.
31. Van Eenennaam AL, Li J, Thallman RM, Quaas RL, Dikeman ME, Gill
CA, Franke DE, Thomas MG: Validation of commercial DNA
tests for quantitative beef quality traits.  J Anim Sci 2007,
85:891-900.Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
Genetics Selection Evolution 2009, 41:36 http://www.gsejournal.org/content/41/1/36
Page 12 of 12
(page number not for citation purposes)
32. Smith TP, Casas E, Rexroad CE 3rd, Kappes SM, Keele JW: Bovine
CAPN1 maps to a region of BTA29 containing a quantitative
trait locus for meat tenderness.  J Anim Sci 2000, 78:2589-2594.
33. Koohmaraie M, Geesink GH: Contribution of postmortem mus-
cle biochemistry to the delivery of consistent meat quality
with particular focus on the calpain system.  Meat Sci 2006,
74:34-43.
34. Costello S, O'Doherty E, Troy DJ, Ernst CW, Kim KS, Stapleton P,
Sweeney T, Mullen AM: Association of polymorphisms in the
calpain I, calpain II and growth hormone genes with tender-
ness in bovine M. longissimus dorsi.  Meat Sci 2007, 75:551-557.
35. Page BT, Casas E, Heaton MP, Cullen NG, Hyndman DL, Morris CA,
Crawford AM, Wheeler TL, Koohmaraie M, Keele JW, Smith TPL:
Evaluation of single-nucleotide polymorphisms in CAPN1
for association with meat tenderness in cattle.  J Anim Sci 2002,
80:3077-3085.
36. Bishop MD, Koohmaraie M, Killefer J, Kappes S: Rapid communi-
cation: restriction fragment length polymorphisms in the
bovine calpastatin gene.  J Anim Sci 1993, 71:2277.
37. Stone RT, Kappes SM, Beattie CW: The bovine homolog of the
obese gene maps to Chromosome 4.  Mamm Genome.  1996,
7(5):399-400.
38. Houseknecht KL, Baile CA, Matteri RL, Spurlock ME: The biology of
leptin: a review.  J Anim Sci 1998, 76:1405-1420.
39. Cases S, Smith SJ, Zheng Y-W, Myers HM, Lear SR, Sande E, Novak S,
Collins C, Welch CB, Lusis AJ, Erickson SK, Farese RV: Identifica-
tion of a gene encoding an acyl CoA:diacylglycerol acyltrans-
ferase, a key enzyme in triacylglycerol synthesis.  Proc Natl
Acad Sci USA 1998, 95:13018-13023.
40. Grisart B, Coppieters W, Farnir F, Karim L, Ford C, Berzi P, Cam-
bisano N, Mni M, Reid S, Simon P, Spelman R, Georges M, Snell R:
Positional candidate cloning of a QTL in dairy cattle: identi-
fication of a missense mutation in the bovine DGAT1 gene
with major effect on milk yield and composition.  Genome Res
2002, 12:222-231.
41. Casas E, White SN, Riley DG, Smith TPL, Brenneman RA, Olson TA,
Johnson DD, Coleman SW, Bennett GL, Chase CC Jr: Assessment
of single nucleotide polymorphisms in genes residing on
chromosomes 14 and 29 for association with carcass compo-
sition traits in Bos indicus cattle.  J Anim Sci 2005, 83:13-19.
42. Blott S, Kim J-J, Moisio S, Schmidt-Kuntzel A, Cornet A, Berzi P, Cam-
bisano N, Ford C, Grisart B, Johnson D, Karim L, Simon P, Snell R,
Spelman R, Wong J, Vilkki J, Georges M, Farnir F, Coppieters W:
Molecular dissection of a quantitative trait locus: A phenyla-
lanine-to-tyrosine substitution in the transmembrane
domain of the bovine growth hormone receptor is associ-
ated with a major effect on milk yield and composition.
Genetics 2003, 163:253-266.
43. Moody DE, Pomp D, Barendse W, Womack JE: Assignment of the
growth hormone receptor to bovine chromosome 20 using
linkage analysis and somatic cell mapping.  Anim Genet 1995,
26:341-343.
44. Geary TW, McFadin EL, MacNeil MD, Grings EE, Short RE, Funston
RN, Keisler DH: Leptin as a predictor of carcass composition
in beef cattle.  J Anim Sci 2003, 81:1-8.
45. Crews DH, Nkrumah JD, Yu J, Moore SS: Associations of single
nucleotide polymorphisms in the bovine leptin gene with
feedlot and carcass characteristics or cross-bred steers.  Can
J Anim Sci 2004, 84:749-750.
46. Park GB, Moon SS, Ko YD, Ha JK, Lee JG, Chang HH, Joo ST: Influ-
ence of slaughter weight and sex on yield and quality grades
of Hanwoo (Korean native cattle) carcasses.  J Anim Sci 2002,
80:129-136.
47. Choat WT, Paterson JA, Rainey BM, King MC, Smith GC, Belk KE,
Lipsey RJ: The effects of cattle sex on carcass characteristics
and longissimus muscle palatability.  J Anim Sci 2006,
84:1820-1826.